Abstract: Multiple operating conditions in power systems including wind power sources significantly affect the damping of low frequency oscillation modes due to diverse generating and loading conditions, random wind speeds, line outage contingencies, etc. To cope with multiple operating conditions, this paper proposes the new parameter optimization technique of the power system stabilizer (PSS) and the doubly-fed induction generator (DFIG) wind turbine with the power oscillation damper (POD) based on the probability method. Different operating conditions are randomly generated by Monte Carlo simulation. Under the generated operating points, the particle swarm optimization of PSS and POD parameters is carried out to achieve the highest probability that the damping ratios of all oscillation modes are greater than the desired damping ratio for all operating points. Study results in the IEEE New England 39-bus system indicate that under the occurrence of faults, the PSS and POD optimized by the proposed method yield better stabilizing performance than the conventional PSS and POD over a wide range of operating points.
Introduction
Generally, the damping of power oscillations with low frequency oscillation between 0.1 and 2.0 Hz, i.e. local and interarea oscillations, is influenced by several loading and generating conditions, line outage contingencies, etc. [1] . Without effective countermeasures, undamped power oscillations may lead to an unstable system and result in a wide-area blackout. To suppress power oscillations, power system stabilizers (PSSs), which are the most cost-effective devices, have been used for a long time. A PSS is equipped with the automatic voltage regulator (AVR) of a synchronous generator. By adding a stabilizing signal to the AVR, the PSS can be effectively applied to solve the problem of local and interarea oscillations in conventional power systems [1] .
Nowadays, the penetration of wind power generation widely increases in power systems due to being abundant, sustainable, and environmentally friendly [2] . By the end of 2015, the global cumulative installed wind capacity was about 430 GW [3] . Nevertheless, the intermittent power output from wind power sources makes the power oscillations problem more complicated [4] . Under these situations, the PSS may no longer be able to suppress power oscillations.
Among wind turbines, the doubly-fed induction generator (DFIG) is popularly adopted in wind energy conversion systems. The DFIG wind turbine can generate maximum power with variable wind speeds. Further-more, it has many advantages such as low power rating of the converter, low loss, and high efficiency [5] . The salient feature of the DFIG is the ability of active and reactive power output controls. In particular, the active and reactive power outputs can be controlled to eliminate power oscillations by installing a power oscillation damper (POD) in the speed and voltage control loops, respectively [6] . The comparison of power oscillation damping effect between the active and reactive power controls by DFIG wind turbine was studied in [7] . Study results signified that the active power control may invoke the torsional oscillation of the wind turbine. On the contrary, the reactive power control is immune to the torsional oscillation and provides satisfying damping effects.
Previous works used the reactive power control of DFIG wind turbines to damp power oscillations. A POD with second-order lead/lag compensator structure was designed by the root locus method [7] and particle swarm optimization [8] so that the damping ratios of oscillation modes could be enhanced. In [9] , the optimal tuning of a POD using mixed H 2 / H ∞ control was presented to obtain the robustness of the POD against various system operations. In [10] , a robust decentralized POD design to improve the system's robust stability margin by inverse multiplicative perturbation was proposed. Nevertheless, the design methods in [7] [8] [9] [10] were carried out under set operating conditions. They cannot guarantee the damping performance of the designed PODs under other operating conditions. In addition, to achieve more stabilizing performance, the coordinated control of the PSS and DFIG with POD is required. In [11] , the design technique for coordination between a PSS and DFIG with a POD considering random wind power output variation was presented by an extended probabilistic small-signal stability analysis. Study results indicated that the coordinated PSS and POD yield a higher damping effect than either the PSS or POD alone. The coordinated damping controller can ensure the damping performance under diverse operating conditions. To enhance the robustness against system uncertainties, the parameters of a coordinated PSS and POD in [12] were optimized under several operating points by concurrently and equally increasing the output power of synchronous generators.
To deal with multiple operating conditions due to various load demands, power generations from synchronous generators, random wind speeds, and line outage contingencies, this paper focuses on the new parameter optimization of a PSS and DFIG wind turbine with a POD based on the probability method. The PSS and POD parameters are optimized for the probability that the damping ratios of all oscillation modes are greater than the desired damping ratios for all random events generated by Monte Carlo simulation (MCS).
The optimization problem is solved by particle swarm optimization (PSO) so that the optimal parameters of the PSS and POD can be obtained. The damping performance of the proposed PSS and POD in comparison with the conventional PSS and POD is carried out in the IEEE 39-bus New England system. The organization of this paper is described as follows. Section 2 presents the study system and modeling. Next, Section 3 explains the proposed optimization technique. Subsequently, Section 4 provides simulation results. Finally, the conclusion is given. Figure 1 displays the modified IEEE 39-bus New England system [13] . All synchronous generators (G1-G10), which are installed with turbine governor type II and AVR type III, are represented by the fourth-order model [14] . After the eigenvalue analysis, nine oscillation modes with percent damping ratio (ζ) and oscillation frequency ( f ) are given in Table 1 . In this study, the acceptable percent damping ratio of each oscillation mode is at least 5%. In Table 1 , it can be observed that the damping ratios of oscillation modes no. 1, 4, 5, 6, 7, 8, and 9 are less than 5%. The selection of proper locations of PSSs is evaluated by the sensitivity of PSS effect (SPE) method [15] . A high value of SPE implies a suitable synchronous generator for installing a PSS. The SPE can be calculated by:
Study system and modeling

Study system
where ϕ ∆ω is the right eigenvector corresponding to the speed deviation of the synchronous generator, ψ ∆vf is the left eigenvector corresponding to the field voltage deviation, and K e and T e are the gain and time constant of the AVR, respectively. As a result, Table 2 shows that the synchronous generators for suitable installation of PSSs are at G2, G8, and G9. To serve increased load demands, three units of DFIG wind turbines (W1-W3), each with a capacity of 100 MVA, are additionally installed in the study system. The DFIG data are given in the Appendix. A POD is installed into each DFIG. The aim of the PSS and POD is to ameliorate the damping ratios of all oscillation modes.
DFIG model
The structure of the DFIG wind turbine, which is delineated in Figure 2 , mainly consists of a grid-side converter (GSC) and rotor-side converter (RSC). Study results in [16] indicated that damping control using the RSC is superior to that of the GSC. In this work, the voltage controller in the RSC is used to modulate the reactive power output of the DFIG to damp out the power oscillations. Here, the reduced fourth-order model of the DFIG [14] is used in the wind turbine-generation system as the stator and rotor flux dynamics are fast in comparison with grid dynamics and the converter controls. The steady-state electrical equations of the DFIG are given by 
where v is a magnitude of DFIG terminal voltage and θ is a phase of terminal voltage.
The generator active and reactive powers depend on the stator and converter currents, as follows:
where P DF IG and Q DF IG are active and reactive power outputs, v dc and v qc are d and q converter voltages, and i dc and i qc are d and q converter currents.
Due to the converter operation mode, the converter powers injected in the grid can be written as a function of stator and rotor currents as
where p c and q c are converter active and reactive powers on the grid.
On the rotor side we have
where p r and q r are rotor-side active and reactive powers.
Assuming a lossless converter model, the active power of the converter coincides with the rotor active power and thus p c = p r . The reactive power injected into the grid can be approximated neglecting stator resistance and assuming that the d-axis coincides with the maximum of the stator flux. The flux-based rotating reference frame is used to model the DFIG. Due to the initial value of θ = 0, Eq. (3) can be written as
and then Eq. (4) can be written as
The relation between stator fluxes and generator currents is
where ψ ds and ψ qs are the d and q axis of stator fluxes, respectively.
Substituting Eq. (9) into Eq. (8), the active and reactive power outputs of the DFIG wind turbine are represented as the function of i qr and i dr by
The generator motion equation is expressed bẏ
whereω m is the state variable of rotor speed, τ m and τ e are respectively mechanical and electrical torques, and H m is rotor inertia. Thus, the electrical torque τ e can be expressed by
The mechanical power p ω extracted from the wind, which is a function of the wind speed v ω , the rotor speed ω m , and the pitch angle θ p , can be approximated by
where n g is the number of machines in the wind park, ρ is the air density, S n is the power rating, c p is the performance coefficient or power coefficient, λ is the tip speed ratio, and A r is the area swept by the rotor.
The c p (λ, θ p ) curve is approximated by
With
The converter is modeled by an ideal current source, where i qr and i dr are state variables and used for the rotor speed control and the voltage control, respectively, as depicted in Figures 3 and 4 . Differential and algebraic equations for the converter currents are given by are minimum and maximum rotor currents in the direct axis and the quadrature axis, respectively. Here, the stabilization of power oscillation is conducted by the voltage control of i dr with the POD signal. Without the risk of torsional oscillation in the wind turbine, the reactive power output is used to suppress power oscillations.
The pitch angle control is illustrated in Figure 5 and described by 
where ϕ is a function that allows varying the pitch angle set point only when ω m − ω ref exceeds a predefined value ±∆ω , ω ref is the reference speed, K p is the pitch control gain, and T p is the pitch control time constant.
Based on Eqs. (11), (16) , and (17), the fourth-order model of the DFIG can be represented by state variables i dr , i qr , ω m , and θ p . 
PSS and POD model
Proposed optimization technique
Conventionally, the parameters of the PSS and POD are optimally tuned at an operating point to achieve the satisfied damping performance. Nevertheless, the resulting PSS and POD cannot confirm the stabilizing effect
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over a wide range of operating points. To ensure the damping performance for diverse operating points, the new parameter optimization for the PSS and POD by the probability method is described as follows.
The optimization objective is to obtain the damping ratio of all oscillation modes as more than 5% for all possible operating points. Here, 1000 operating points, which are randomly generated by varying the power outputs of all synchronous generators and load power between ±20% from a normal operating point, wind speeds of the DFIG between 9 and 16 m/s, and a line outage contingency, are performed by MCS. The percent damping ratio of the mth oscillation mode at the ev th operating point ( ζ m,ev ) can be calculated by
× 100; ev = 1,2,...,1,000,
where σ m,ev and ω m,ev are real and imaginary parts of the eigenvalue corresponding to the m th oscillation mode at the ev th operating point, respectively. Under 1000 events, the probability of the events for which the percent damping ratio of the mth oscillation occurs between ζ m and ζ m +1% or Pr[ζ m ,ζ m +1%] is calculated by
where N [ζ m , ζ m +1% ] is the number of events for which the percent damping ratio of the m th oscillation mode occurs between ζ m and ζ m + 1%, and N A is the number of total events.
When ζ min and ζ max are the minimum and maximum percent damping ratios of each oscillation mode for all events, respectively, the histogram of the occurring probability of each percent damping ratio for the individual oscillation mode from ζ min to ζ max with 1% increasing step can be depicted as in Figure 7 . To make it easy for calculating the area under the histogram, a frequency polygon is established. In this study, the acceptable percent damping ratio, which is set at 5%, is used to separate the histogram into two areas. Area1 m is the probability area where the percent damping ratio of the mth oscillation mode for all random 1000 events is less than 5%. On the contrary, Area2 m is the probability area where the percent damping ratio of the mth oscillation mode for all random 1000 events is greater than 5%. The larger Area2 m is, the higher damping ratios of nine oscillation modes can be obtained. By this concept, the objective function for tuning parameters of the coordinated PSS and POD is formulated by the minimization of the difference between Area1 m and Area2 m for nine oscillation modes by PSO [17] is applied to solve optimal parameters in Eq. (20). The optimized PSS and POD are referred to as PPSS+PPOD. The flowchart of the proposed optimization method can be delineated as in Figure 8 .
The damping performance of PPSS+PPOD is compared with that of the PSS coordinated with the POD, which is tuned at the normal operating point by
where ζ spec is the specified damping ratio, which is set at 5%. The PSS and POD optimized by Eq. (21) are referred to as CPSS+CPOD.
Simulation results
The Power System Analysis (PSAT) toolbox [14] is applied for time-domain simulation. In the PSO, the number of particles and iterations are set at 100 and 50, respectively.
The simulation study is divided into two parts. The first part compares the damping effects among PPSS, PPOD, and PPSS+PPOD. Note that PPSS and PPOD are individually optimized by Eq. (20). The second part compares the damping effect between PPSS+PPOD and CPSS+CPOD. Table 3 shows optimized parameters of CPSS+CPOD while Table 4 shows optimized parameters of PPSS, PPOD, and PPSS+PPOD. Figure 10 shows the probability of % damping ratios under 1000 operating points. The damping ratios in the case of either PPOD or PPSS are higher than those of the system without PPOD and PPSS. Besides, PPSS+PPOD yields the best damping performance for nine oscillation modes. PPSS+PPOD provides the probability of % damping ratios that are greater than 5% for all oscillation modes. Figure 11 depicts the eigenvalues plot of all oscillation modes under 1000 operating points. The result in Figure 11 satisfies that in Figure 10 .
Comparison among PPSS, PPOD, and PPSS+PPOD
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Iter = 1
Generate the initial particle Linearize power system
Compute damping ratio of each oscillation mode by (18) Evaluate the probability of the events that the damping ratio of individual oscillation mode occurs in each bound by (19)
Use result from (19) to plot histogram then convert to frequency polygon.
Calculate objective function A time-domain simulation is conducted to verify the damping effect of PPSS+PPOD. At the normal operating point, it is assumed that the temporary three-phase fault occurs at bus 10 at t = 1 s for 100 ms and is cleared naturally. Figure 12 shows simulation results of power flows between buses 1-2 and buses 9-39. The undamped power oscillation occurs in the case without the controller. On the other hand, the power oscillation can be suppressed by PPSS, PPOD, and PPSS+PPOD. Nevertheless, PPSS+PPOD provides the best damping performance. These results confirm that the stabilizing effect of PPSS+PPOD is better than the individual effect of PPSS or PPOD. Figure 13 shows the probability of % damping ratios of each oscillation mode for 1000 operating points. PPSS+PPOD provides the damping ratios that are greater than the acceptable value (or ≥ 5%). On the contrary, some damping ratios in the case of CPSS+CPOD are less than 5%. Moreover, the damping ratios in the case of PPSS+PPOD are all higher than those of CPSS+CPOD. To confirm the result in Figure 13 , the scattering of eigenvalues for all oscillation modes under 1000 events is depicted in Figure 14 .
Comparison between CPSS+CPOD and PPSS+PPOD
Nonlinear simulations for case studies in Table 5 are carried out under various system uncertainties and faults. Figure 15 depicts power flows between buses 1-2 and buses 9-39 of each case study. In case 1, as delineated in Figure 15a , severe power oscillation occurs in the case without the controller. On the other hand, the power oscillation is completely damped by CPSS+CPOD and PPSS+PPOD. Figure 15b shows Figure 13. Probability of % damping ratios under 1000 events. where the system is unstable in the case without a controller. PPSS+PPOD gives a better damping effect than CPSS+CPOD. In cases 3 and 4, as shown in Figures 15c and 15d , CPSS+CPOD cannot stabilize the power oscillations. On the contrary, PPSS+PPOD can suppress the power oscillation entirely. These simulation results guarantee that the damping performance of PPSS+PPOD is superior to that of CPSS+CPOD.
Conclusion
This paper deals with the new optimization technique of a PSS and DFIG installed with a POD by the probability method for stabilization of low-frequency electromechanical oscillations against multiple operating points. MCS is applied to produce random operating events in the parameter optimization of the PSS and POD under several generating and loading conditions, random wind speeds, and line outages. The optimization is conducted by maximizing the probability that the desired damping ratios of all oscillation modes can be achieved for all random operating points. Solving the optimization problem by PSO, the optimal parameters of the PSS and POD can be obtained automatically. Small-signal and transient stability results guarantee that the damping performance of the proposed PSS and POD is much higher than that of the conventional PSS and POD under multiple operating conditions and faults.
